Introduction
Supercritical, sliding-pressure-operation, once-through boilers have been widely used in thermal generator sets because of their superior properties. The spiral design can be used with fewer tubes to obtain the desired flow per tube by wrapping the tubes around the furnace. The benefit of this arrangement is that the spiral tubes pass the fluid through heat zones to maintain a nearly even fluid temperature at the outlet of the furnace. The wide use of supercritical-pressure water has made heat transfer at supercritical pressures a very important issue.
Research on heat transfer of supercritical fluids has been ongoing since the 1950s. Yamagata and Nishikawa [1] systematically investigated the heat transfer characteristics of supercritical water in tubes and separately proposed some classical correlations to predict the heat transfer coefficient. With the development of supercritical-pressure boilers in China, many investigations on heat transfer of supercritical-pressure water have also been conducted by Yang et al. [2] . Because of the complexities of heat transfer at supercritical pressures and the heat-transfer specifics in a combustion chamber of a steam generator, simplifications of the heat flux distribution were usually made for modeling the evaporation system. Li and Huang [3] developed a lumped parameter mathematical model to analyze a helically coiled, oncethrough steam generator. Pan and Yang [4] calculated the thermal-hydraulic characteristics of a water wall in an ultra-supercritical coal-fired boiler using a distributed parameter model. However, all of these models are based on a reduced one-dimensional heat flux distribution scheme.
Flame image processing techniques have been successfully applied to deal with temperature reconstruction in pc-fired boilers [5] . We have revealed a distributed parameter model in a subcritical tangential once-through boiler [6] , but this model is unsuitable for supercritical spiral-type water-tube boiler owing to the large difference in furnace structure and heat transfer characteristics.
In this paper, a distributed parameter model is proposed for an evaporation system based on 3-D combustion monitoring in a furnace. A mathematical model was formulated for predicting the distributions of the heat flux and the metal-surface temperature to include the non-uniform distribution of the surface heat transfer and the frictional resistance coefficient. The heat transfer characteristics of spiral-wound tubes and a vertical water wall at near-critical and subcritical pressures are illustrated.
Mathematical modeling
A 600 MW, supercritical, once-through boiler with spiral-type water tubes in the water wall was chosen as the object of study. The schematic of the boiler and the mesh division are shown in fig. 1 and fig. 2 , respectively. The evaporation zone between the ash hopper (18.563 m) and the arch nose (52.886 m) was divided into 25 layers. The horizontal cross-sections of the areas were uniformly divided into 8·10 = 80 elements. Previous research illustrated the flue gas model and tube wall model in a 300 MW, subcritical, once-through boiler [6] . The 3-D temperature distribution in the furnace can be obtained using the flame image-processing technique in the real-time combustion monitoring system. The 2-D heat flux can be obtained by solving the energy balance equations, which serves as a distributed boundary condition for the dynamic, distributed parameter model of the evaporation system.
The saturated boiling heat transfer coefficient α in a sloped, rifled tube is based on the Lockharte-Martinelli formula [7] 
The critical quality x cr (which characterizes the heat transfer deterioration of the second kind) is given by [2] . According to the Slaughterback empirical relation [8] , the formula for the post-dryout-region heat transfer coefficient in a sloped, rifled tube is given by: 
The formula for the frictional resistance coefficient can be given by [2] .
In the supercritical pressure range, the heat transfer characteristics of water in tube strongly depend on the variations in the physical properties. As shown in fig. 3 , the specific heat capacity has a local maximum at the pseudo-critical temperature. The thermal conductivity as well as the density and the dynamic viscosity decrease dramatically within a very narrow temperature range near the pseudo-critical point. Figure 4 shows that the changes in the thermo-physical properties become less pronounced in the heat transfer behavior at higher supercritical pressures.
The heat transfer coefficient at supercritical pressures is expressed by [9] 
The parameters in these calculations can be got by calling the related functions which are based on IAPWS-IF97.
Results and discussions
The test cases are listed in tab. 1. A monitoring instrument was installed to capture the temperature at a height of 52.886 m. The measured wall temperatures and the calculated values are shown in fig. 5 . The mass velocity can be obtained after summation of all the units in a tube: 
As shown in fig. 5 , the maximum relative difference between the simulation results and the measurements is 0.6%, the maximum temperature difference is 4 °C and the mass ve- Figure 6 gives a comparison of the wall temperature and heat transfer coefficient distributions for the vertical water wall and the spiral water wall at a subcritical pressure. As shown in fig. 6 (b), a single tube is able to by-pass the different furnace walls, and heat absorption is homogenous with the rising spiral along the furnace perimeter, so the heat difference is effectively eliminated. As the steam quality reaches a certain critical value, which is 0.53 in fig.  6 (a) and 0.64 in fig. 6(b) , the water state has changed from saturated boiling to post-dryout. However, the corresponding heat flux is maximum in the vertical water wall tube, whereas the heat flux is at the local minimum in case of the spiral water wall tube. Therefore, the wall temperature increases in the vertical tube, but this can be avoided in the spiral tube.
Whereas the wall temperature is influenced by the heat flux and the heat transfer coefficient distribution, the influence of the heat flux is larger than that of the heat transfer coefficient in the spiral water wall tube. There are two reasons: one is that the fluid temperature is at the saturated temperature all the time after vaporizing, the other is that the heat flux presents a wave distribution in the spiral water wall tube. Therefore, assuming a non-uniform heat flux distribution strongly affects the accuracy of the model. Figure 7 illustrates a comparison of the wall temperature and heat transfer coefficient distributions at a near-critical pressure and those at a supercritical pressure in the spiral water wall. As shown in fig. 7 , the heat transfer coefficient rises to the maximum of 36 kW/m²K when H pc = 2092.6 kJ/kg in case 2 and it rises to the maximum of 21 kW/m²K when H pc = 2106.1 kJ/kg in case 3. So, the maximum heat transfer coefficients are located in the pseudocritical enthalpy region. This means that the heat transfer of supercritical water in the pseudo-critical enthalpy range is effectively enhanced. Figure 7 shows that the peak of the heat transfer coefficient in case 2 is 15 kW/m²K larger than in case 3. It means that the peak of the heat transfer coefficient decreases and the bulk fluid enthalpy corresponding to the peak of the heat transfer coefficient increases with an increase in supercritical pressure. With increasing heat flux, more fluid is heated to a temperature above the pseudo-critical temperature point. In other words, the portion of the fluid that is responsible for the enhancement of heat transfer is suppressed: as observed in case 3, the heat transfer coefficients decrease so the tube achieves an optimum heat transfer effect in case 2.
Conclusions
A distributed parameter model for an evaporation system in a supercritical, spiral water wall boiler was established. A method for predicting the distributions of the heat flux and the metal-surface temperature in the evaporation system was proposed based on 3-D temperature fields. The simulation results show that the influence of the heat flux distribution is larger than that of the heat transfer coefficient distribution in the spiral water wall tube. The maximum heat transfer coefficients are located in the pseudo-critical enthalpy region and the peak of the heat transfer coefficient decreases by 15 kW/m²K with an increment of supercritical pressure. The water wall can produce a more desirable heat transfer effect according to this distributed parameter model. 
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